The putative mannose receptor (MR), previously implicated in mannosyl-rich glycoproteininduced mitogenesis in bovine airway smooth muscle (ASM) cells, was studied to determine its properties. Specific binding of the mitogenic neoglycoprotein, mannosylated bovine serum albumin (Man-BSA) to ASM cells was saturable, with an apparent Kd = 5.0 x 10(-8) M. Cell-bound ManBSA-colloidal gold conjugate was localized by electron microscopy to clathrin-coated pits on the cell surface, and was found to undergo internalization to endosomes; this was inhibitable by weak bases and swainsonine, that also inhibited ligand-induced mitogenesis. The ASM-MR, isolated by mannose-affinity chromatography, had the same apparent molecular mass as the macrophage (Mø) MR (M(r) = 175 kD), and was immunoprecipitated by an anti-MøMR immune serum. This antiserum blocked 125I-labeled-ManBSA binding to intact ASM cells, stimulated mitogenesis, and immunolocalized the ASM-MR in cytoplasmic vesicles compatible with endosomes. A monoclonal antibody directed against the MøMR also reacted with the ASM-MR; like the polyclonal antibodies, it stimulated mitogenesis as effectively as beta-hexosaminidases. These data indicate that the ASM-MR shares a number of functional and structural properties with the MøMR and suggest that similar receptors may have different main functions in different cells.
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Airway smooth muscle (ASM)' hyperplasialhypertrophy is an important pathological finding that may be closely related to airway hyperreactivity in asthma (1) (2) (3) . During an acute asthma attack, the activity of several lysosomal hydrolases is increased significantly in brochoalveolar lavage fluid in allergic human subjects (4, 5) and in an animal model of ozone-induced airway hyperreactivity (6) . Furthermore, lysosomal hydrolases such as human fl-hexosaminidase (Hex) and bovine ,6-glucuronidase promote mitogenesis of bovine ASM cells (7) . We have hypothesized that lysosomal enzymes released by inflammatory cells in the airways, by promoting proliferation of ASM cells, contribute to hypertrophy/hyperplasia of ASM (7) . As we have shown, other mannosyl-rich glycoproteins (ManGP), such as mannose-bovine serum albumin (ManBSA) and Man3-N-acetylglucosamine-HSA, have mitogenic activity in ASM cells (7) .
The mitogenic effect is blocked by yeast mannan, a mannose receptor (MR) blocker (8) , but not by mannose-6-phosphate, a specific blocker of the cation independent mannose-6-phosphate/insulin-like growth factor II receptor (9) , suggesting the involvement of a mannose-recognizing moiety (7) .
The well-studied mannose receptor of macrophages (M0MR) is involved in receptor-mediated endocytosis and molecular scavenging of ManGP as well as phagocytosis and host defense against mannosyl-rich pathogens (10) (11) (12) . Mannosylrich enzymes such as lysosomal hydrolases including Hex (11) , myeloperoxidase (13) , and plasminogen activator (14) are also taken up by MR that has been found in liver reticuloendothelial (Kupffer) cells (15) (16) (17) , mononuclear phagocytes (18) , retinal pigment epithelium (19) , placenta (20) , and recently in lymphoid dendritic cells (21) . However, it is not known whether MR is expressed in ASM. Moreover, a trophic function, i.e., promotion of mitogenesis, is not a known characteristic of MR. The objectives of this study were to characterize the ASM cellputative MR; to confirm that a mannose-recognizing receptor moiety mediates ManGP-induced mitogenesis in ASM cells; and to establish its relationship, if any, with M0MR.
with appropriate amounts of soybean trypsin inhibitor ( Purification of putative ASM-MR. The putative MR from cultured ASM cells was isolated by affinity chromatography on mannose-Sepharose according to Lennartz et al. (26) . Approximately 108 ASM cells were homogenized using a hand-held Polytron homogenizer (Brinkmann Instruments, Inc., Westbury, NY) in 20 ml of eluting buffer (10 mM Tris-HCl, pH 6.0; 1.25 M NaCl; 15 mM EDTA) containing 1 mM PMSF at 4°C. Homogenates were subjected to washing, treated with Triton X-100 (1% vol/vol), loaded onto the affinity column, and eluted with alpha-methylmannoside (0.2 M), as previously described (26) . The partially purified mannose receptor (2 Itg) was subjected to electrophoresis in 7.5% polyacrylamide gel in SDS under reducing conditions (27 Enzyme preparations. Purified human placental Hex B was prepared by a modification (29) of the method of Geiger and Arnon (30) as described previously (7). Hex B is homogenous by electrophoresis on cellulose acetate gel (31) and on PAGE in denaturing (27) and nondenaturing conditions.
Preparation of human macrophage mannose receptor antibody. M0MR was isolated from human placenta by affinity chromatography on mannose-Sepharose as previously described (20) . A goat antiserum against purified human M0MR was obtained as described by Stephenson and Shepard (32) .
Monoclonal antibody directed against human M0MR (mAbls) was developed according to Harlow and Lane (33) . Balb/c mice were immunized with purified human placenta M0MR (50 jg in complete Freund's adjuvant the first time, followed by three boosters without adjuvant).
Hybridoma cell lines producing antibodies against M0MR were selected in an enzyme-linked immunosorbent assay. A monoclonal antibody (mAbls) was affinity purified from culture supernatants and was classified by mouse monoclonal sub-isotyping kit (Hyclone Laboratories, Logan, UT) as IgG1 antibody. Binding experiments with mAb to human macrophages indicated that mAb15 recognized the extracellular domain of M0MR (the monoclonal antibody mAbls was found to be monospecific by a variety of methods including Western blot of human macrophage membrane proteins and immunoprecipitation of the MR from metabolically labeled human macrophages; S. E. Pontow, V. Kery, and P. D. Stahl, manuscript in preparation). Each of these procedures resulted in the observation of a single specific band with an apparent molecular mass of about 175 kD.
Results and Discussion
Binding of '25I-ManBSA to bovine ASM cells. (Fig. 1, inset) . Thus, the ASM mannose binding moiety shows the properties of specificity and saturability of a true receptor. Internalization of colloidal gold-ManBSA by ASM cells. Upon ligand binding, receptors involved in endocytosis such as the M0MR, are localized in clathrin-coated pits on the plasma membrane (34) ; to assess whether this was the case for the ASM-MR, we used electron microscopy in ASM cells. Sections of cells treated with colloidal gold-ManBSA for 30 min at 37TC showed gold particles associated with clathrin-coated pits (Fig. 2 ). There were also multiple gold particles associated with large cytoplasmic vesicles identifiable as endosomes (Fig. 3) , indicating endocytic internalization of receptor-ligand complexes. Receptor-mediated endocytosis is inhibited by weak bases (CQ, MA) and mannosyl-specific endocytosis is inhibited by the mannosidase II inhibitor, SW, that prevents the recycling of ligand-free receptors to the plasma membrane (12 Fig. 4 ). Cells treated with CQ or MA were > 99% as determined by trypan blue exclusion. cen together, the electron microscopy observations on binding and internalization, the inhibition by CQ, MA, V, and the inhibitory effect of these agents on Hex B-I mitogenesis support the contention that the mitogenic s mediated by a mannosyl-specific receptor that mediates mally directed internalization. The involvement of endois indicated by the effect of CQ and MA, agents that act ng the pH of these vesicles and preventing the low pHuncoupling of ligands and receptors (12) . Mannosyl ity is indicated by the effect of SW that, by inhibiting ivity of mannosidase II, results in mannose receptors cd with endogenous mannosyl ligands (35) (Fig. 5) The Mr coincidence, in turn, prompted an assessment of apossible immunologic cross-reactivity between the two receptors. In fact, bovine ASM-MR was immunoprecipitated by a goat anti-human M0MR serum (Fig. 6 A, lane 2) and a monoclonal antibody (mAb15) directed to human M0MR (Fig. 6 B) , indicating that the two receptors are immunologically related.
The receptor protein appears as a single band in these experiments, as opposed to multiple bands in Fig. 5 . Most likely, this is due to the difference in the protein quantities used for the gel electrophoresis assays. The immunologic cross-reactivity between ASM-MR and M0MR allowed the use of anti-human M0MR antibodies to assess the subcellular localization of the ASM-MR by immunofluorescence microscopy.
Indirect immunofluorescent staining of bovine ASM cells using goat antiserum against purified human M0MR showed a punctate cytoplasmic signal consistent with endosomal localization (Fig. 7 B) , in contrast to the diffuse nonspecific staining of nuclei and cytoplasm in control cells (Fig. 7 A) .
The specificity of cross-reactivity was tested by determining the effect of the antiserum on 125I-ManBSA binding. Preincubation of ASM cells with goat anti-human M0MR antiserum (30 min at 4°C) inhibited binding of 1"I-ManBSA (1 yg/100 pl/ 105 cells) in a concentration-dependent manner ( Table I ). The maximal inhibition occurred with 1:50 dilution of anti-human M0MR serum and the degree of inhibition was comparable with that obtained with mannan (78 vs. 72%, respectively). Thus, the functional characteristics and subcellular location of the putative MR in ASM cells are similar to those of the M0MR (12) and the homology is strengthened by the biochemical and immunologic data. The protein isolated from the bovine ASM cells by mannose affinity chromatography has an M, coincident with that of the M0MR (Fig. 5) , and a protein with the same Mr is immunoprecipitable from ASM cell extracts by polyclonal and mAb15 against the M0MR (Fig. 6, A and B) . Furthermore, immunofluorescence microscopy indicates that this cross-reacting protein has a subcellular distribution consistent with endosomal distribution (Fig. 7 B) . By themselves, these data would only allow us to conclude that there exists in ASM cells a (possibly unrelated) protein that cross-reacts with an antiserum to, and has the same Mr and location as, the M0MR. However Fig. 8 A) (Fig. 8 B) . The stimulatory effect of mAb15 on DNA synthesis was inhibited by mannan (0.1-1.0 mg/ml) very effectively (72-100% inhibition). This agonistic effect of antibodies had its counterpart: an antagonistic effect was also observed upon preincubation of cells with excess amounts of mAb15 (50-100 nM) that inhibited Hex B (50 nM)-induced increase in [3H]thymidine incorporation in a dose-dependent manner (53-100% inhibition, Table I ). At 100 nM, mAb15 inhibited the Hex response to below the basal value.
The findings that anti-human M0MR antiserum stimulates ASM mitogenesis even more effectively than Hex B and that the effect is mannan-inhibitable provide strong support both to the homology of the ASM receptor with the M0MR, and, most importantly, to the direct involvement of the ASM-MR in mitogenesis stimulation (Fig. 8 A) . This contention receives additional support from the observation that mAb15, a monoclonal antibody to the extracellular domain of the M0MR, stimulates [3H]thymidine incorporation in ASM cells (Fig. 8 B) as effectively as Hex B at comparable concentrations. The specificity of the agonistic effect is indicated by the antagonistic effect observed, i.e., inhibition of the Hex B-mediated mitogenic effect by pretreatment of cells with the same antibody (Tables H  and III) ; this effect is similar to, but more effective than, that induced by high concentration of Hex B or mAb15 alone (Fig.  8 B) . Agonistic-antagonistic effects of antibody to receptors ligand and antibodies to receptors can be agonists, seif-antagoanalogous to our findings have been described in the case of nists, and mutual antagonists. Both hGH and mAb's to the hGH human growth hormone (hGH) receptor (37), indicating that receptor are agonists at low concentration and self-antagonists receptor bears any structural relationship to the M0MR; and (d) whether the receptor is directly responsible for the observed mitogenic effect. We have obtained answers to these questions. The data from the '25I-ManBSA binding experiments indicate specificity and saturability of binding, arguing for a binding site. The electron microscopy data indicate the association of the ligand-occupied receptor with clathrin-coated pits and its subsequent internalization in endosomes.
Internalization of the ASM-MR to the endosome is further indicated by inhibition of ligand uptake upon exposure of cells to the weak bases CQ and MA, and to SW. This is also indicated by the inhibition of Hex B-stimulated [3H]thymidine incorporation by these agents. In addition, our data on SW inhibition indicate that the internalized receptor stimulating [3H]thymidine incorporation has mannosyl specificity. However, one may not conclude that internalization is needed for the trophic effect to occur, since CQ, MA, and SW prevent binding. Signal transduction has been shown to be independent of receptor-ligand endocytosis in several instances (44) (45) (46) and dependent on endocytosis in some (47) , but our data do not allow us to discriminate between the two possibilities.
Functional characteristics, subcellular location, and apparent molecular size suggest a degree of homology between the ASM-MR and the M0MR. A structural homology is indicated by the immunologic cross-reactivity. In addition to signal generation, of interest is also the mechanism of signal transduction from the receptor to the cytoplasmic machinery that controls endocytosis and cell division. GTPbinding proteins (G-proteins) play a role in endocytic processes (48, 49) and in the cytoplasmic transduction of the receptor signal (50) . Preliminary findings by our group (51) suggest that the bovine ASM-MR is coupled to phospholipase A2(PLA2) via a pertussis toxin-sensitive G-protein; it is not known, however, if the G-protein is also involved in the endocytic or mitogenic process. Additional recent observations indicate that an early, transient surge of cAMP (52) and activation of protein kinase C (53) are also associated with Hex-induced mitogenesis in ASM cells, but their mutual relationships are likewise unclear at this time.
In conclusion, our data indicate that the MR identified in this work undergoes endocytosis and shares structural, topological, and functional properties with the M0MR, while it also stimulates mitogenesis. The ASM cells are not phagocytic and the main function of MR in ASM cells seems to be mitogenic; whereas a trophic or mitogenic function of the M0MR has not been observed so far. Interestingly, after submission of this manuscript, Lambeau et 
